ABSTRACT: Research seeking to explain the ecological role of polyphenolics (phlorotannins) in plants and brown algae has largely focused on 2 alternative concepts, the carbonhutrient (Cm) balance and the inducible defense models. We tested the hierarchy of effects of both models on phlorotannin production in the brown alga Fucus veslculosus (Fucales) by simultaneously manipulating the N environment and simulating herbivory for 2 oceanic (high and low intertidal) and estuarine populations. We measured phlorotannin levels in algae under control, grazed, N-enriched, and grazed + N-enriched treatments with time (0 to 14 d ) throughout the year to determine onset and duration of the response.
INTRODUCTION
Recently, much research has focused on determining the ecological role of secondary metabolites in terrestrial and marine primary producers (see Hay & Steinberg 1992 , Herms & Mattson 1992 . Both plants and brown algae produce a class of carbon (C)-based secondary metabolites, polyphenolics (also called phlorotannins in brown algae ; Ragan & Glombitza 1986 , Hay & Fenical 1988 , originating from the shikimic acid pathway (Lobban et al. 1985) , that seem to have multiple functions. Although polyphenolics play an important role in plant (and algal)-herbivore interactions due to their demonstrated effectiveness as herbivore deterrents (Levin 1971 , Swain 1979 , Karban & Myers 1989 , Steinberg & Paul 1990 , Hay & Steinberg 1992 , Yates & Peck01 1993 , but see Steinberg & van Altena 1992 , these compounds also serve in other capacities, such as chelators of heavy metals (Ragan et al. 1979 ) and storage of surplus fixed carbon, particularly under conditions of nutrient deficiency (Mattson 1980 , Bryant et al. 1983 , Gershenzon 1984 . Understanding the ecological trade-offs in allocation of C-based resources between primary and secondary metabolic pathways is critical to predicting the success of a producer in its environ-ment. However, determining what triggers production of these secondary metabolites has been confounded by conflicting effects of environmental and defenserelated factors (Mattson 1980 , Karban & Myers 1989 , Hay & Steinberg 1992 , Herms & Mattson 1992 , Yates & Peckol 1993 .
The prevailing evidence that natural and simulated herbivory triggers production of secondary metabolites in terrestrial (Baldwin & Schultz 1983 , Baldwin 1988a , b, Karban & Myers 1989 , but see Bryant et al. 1983) and marine (Van Alstyne 1988 , Yates & Peckol 1993 , but see Steinberg 1994) systems suggests that defense mechanisms in some species of plants and brown algae are inducible. As predicted by the inducible defense hypothesis (Karban & Myers 1989) , grazing may induce a response within hours (Carroll & Hoffman 1980 , Baldwin & Schultz 1983 ) that may be maintained for weeks (Haukioja & Neuvonen 1985 , Van Alstyne 1988 , Yates & Peckol 1993 . The timing of onset and the duration of the response (short or long term), as well as sensitivity to subsequent attack, are all qualities of the induced response that vary among species (Karban & Myers 1989 , Harvell 1990 , due, in some cases, to trade-offs between primary and secondary metabolism (Herms & Mattson 1992) .
The carbonhutrient ( C m balance hypothesis offers an alternative to the induced defense model. Rather than linking polyphenolic production to grazing pressure, the C/N balance hypothesis argues that secondary metabolite production is regulated by the relative amounts of fixed C and N (Bryant et al. 1983 , Fajer et al. 1992 . Under conditions of high irradiance and low N availability (high C/N ratio), for example, plants (Bryant et al. 1983 ) and brown algae (Ilvessalo & Tuomi 1989 , Yates & Peckol 1993 ) will accumulate C-based carbohydrate reserves, because moderate N deficiency limits growth more than photosynthesis (Fajer et al. 1992 , Herms & Mattson 1992 . Under conditions of low light, which may result in a low C/N ratio if N is in sufficient supply, excess carbohydrates may not be available for allocation to secondary metabolic pathways. Therefore, according to the C/N hypothesis, plants or algae grown in low light or high N environments will likely have lower concentrations of polyphenolics than those grown in high light (or low N) environments.
Although the induced defense and C/N balance models offer alternative explanations for what triggers production of polyphenolics in plants and brown algae, they may not be mutually exclusive. Yates & Peckol (1993) examined the effects of simulated herbivory and N enhancement on phlorotannin production of the intertidal brown alga Fucus vesiculosus to ascertain the extent to which the alga was influenced under each condition. As pre&cted by the C/N balance model, under high N conditions, phlorotannin production was sometimes depressed compared to production under the low N conditions. Because the induced defense model was also supported by their data, neither model was confirmed as the more significant predictor of phlorotannin production by brown algae. Here, we test both the induced defense and the C/N balance models simultaneously to evaluate the hierarchy of influence on the production of phlorotannins by estuarine and oceanic populations of Fucus vesiculosus L. Our experiments were designed to determine the timing of onset and duration of the inducible response, singly and in association with a manipulated N environment. We also considered temporal and spatial effects on levels of phlorotannins.
MATERIALS AND METHODS
Study sites. Our oceanic site, Ft. Wetherill State Park, Jamestown, Rhode Island, USA (see Peckol et al. 1990 for exact location), is a semi-sheltered rock outcropping with an annual water temperature range of 0 to 20°C and relatively stable salinity (34 to 35 ppt). Fucus vesiculosus was the dominant intertidal algal species, and the common periwinkle Littorina littorea, an important herbivore, occurred in densities sometimes exceeding 100 m-' at this site (Peckol unpubl. data) .
Our estuarine site, Sage Lot Pond, was located in Waquoit Bay, an NOAA National Estuarine Research Reserve in Falmouth, Massachusetts, USA (see Peckol et al. 1994 for exact location). The annual range in water temperature was 0 to 28"C, and salinity varied from 27 to 33 ppt. Fucus vesiculosus dominated the intertidal peat substrata of a Spartina alterniflora saltmarsh. Littorina littorea occurred in abundances an order of magnitude lower than densities measured at the oceanic site (Peckol unpubl. data (Swain & Hillis 1959) . Samples (n = 10 to 14) were rinsed in fresh water, preweighed (fresh weight) and held in chilled 70% MeOH. If immediate extraction was not possible, samples were stored in darkness (-80°C). The specimens (0.25 to 0.40 g fresh wt) were ground in 10 m1 of 70% MeOH with a Polytron tissue homogenizer, flushed exhaustively with nitrogen gas to remove oxygen, and shaken in cold darkness overnight (Ragan & Craigie 1978) . The next day, aliquots of samples were diluted (4:l) with 10% MeOH (pH 3.5) and divided into 2 portions. To one set of samples, 0.75 g of insoluble polyvinylpolypyrrolidone (PVPP) was added (+PVPP), and repeatedly shaken for 30 min to keep PVPP in contact with the phlorotannins. (1968) documented optimal binding of PVPP and polyphenolics at low concentrations of MeOH and pH 3.5. Phlorotannin levels were determined as the absorbance difference between the +PVPP and -PVPP samples, and concentrations were calculated from a standard curve of phloroglucinol using regression analysis. Phlorotannins were expressed in per g dry wt after determining the fresh-to-dry weight relationship with linear regression (Yates unpubl. data) .
Carbon and nitrogen contents in tissues were determined on oven-dried (80°C), homogenized samples of Fucus vesiculosus. Samples (n = 3) were analyzed using a Perkin-Elmer 2400 CHN elemental analyzer.
We determined concentrations (mg g-' dry wt) of the light-harvesting pigments (chl a, c, and fucoxanthin) for the high and low intertidal populations (n = 10, each population) of Fucus vesiculosus at Ft. Wetherill, the oceanic site. We performed a double extraction of ground tissues (fresh wt), first for 15 min in dimethyl sulfoxide (DMSO), then in MeOH (Duncan & Harrison 1982) . Deionized water was added to the DMSO fraction (DMSO:H20 = 4 : l ) and absorbances were read at 480, 582, 631, and 665 nm. Deionized water and acetone were added to the MeOH fraction (acetone: MeOH:H,O = 3:1:1), and absorbances were read at 470, 581, 631, and 664 nm. Concentrations were calculated using the equations of Seely et al. (1972) .
Grazer simulation. To test the inducible defense response of Fucus vesiculosus over a time period of 0 to 14 d , we simulated grazing activity by the herbivore Littorina littorea in the field during late winter (March), summer (June and August), and autumn (October). Using a paper hole punch to mimic the size and shape of the grazing wound inflicted by L. littorea (Yates & Peckol 1993) , we excised tissue along the periphery of the apical region of whole, attached vegetative thalli. Small cable ties attached to the stipes identified this treatment. Control (ungrazed) clumps were interspersed with the grazed treatment. Depending on the experiment and location, we collected samples from the grazed and control treatments after 3, 7, and 14 d for total phlorotannin determination.
Nutrient enrichment. To determine the relationship between N availability and phlorotannin production, we enriched oceanic and estuarine populations of Fucus vesiculosus during the same times we ran grazing experiments. Small muslin bags containing 10 g each of slow-release ammonium fertilizer (Osmocote, Sierra Chemical Company) were placed near the thalli of F. vesiculosus at both sites; apical regions of algal fronds were within 10 cm of the fertilizer. Water samples taken near enriched treatments contained ammonium concentrations >20-fold higher than control areas (estuarine site: Yates & Peckol 1993; oceanic site: Peckol, Levings & Garrity unpubl. data). Elemental analysis indicated that this enrichment regime consistently resulted in a significant elevation of tissue N above control fronds in estuarine Fucus vesiculosus (Yates & Peckol 1993) ; N-enriched fronds from the oceanic site had tissue N values nearly double those of control fronds for both high (control: -1.2% N; enriched: -2.3 % N) and low (control: -1.3 % N; enriched: -2.1 % N) intertidal populations. Control fronds were separated by several meters to avoid any fertilization effect. We collected samples 7 and 14 d after enrichment for determination of phlorotannin concentrations.
Interactive effects of grazing and enrichment. To determine the interactive effects of simulated grazing and N enrichment on phlorotannin production, we experimentally clipped and enriched estuarine and oceanic populations of Fucus vesiculosus in the manner described above. We collected samples 7 (Ft. Wethenll) and 14 (both sites) days after treatment and handled them as described above.
Statistical analysis. We used 2-way analysis of variance (ANOVA) to determine temporal and site-related (tidal height) variations in phlorotannins. t-tests were used to compare pigment and tissue N concentrations between fronds collected at 2 tidal heights at the oceanic site. One-way ANOVA or t-tests were used in the analysis of phlorotannins following experimental treatment. Tukey's test was used to make multiple comparisons among treatment means from significant ANOVA tests (Day & Quinn 1989) . Homogeneity of variance was determined using the F,,,, test (Sokal & Rohlf 1981) .
RESULTS

Oceanic site
Total (chl a, c, and fucoxanthin) light-harvesting pigment concentrations of Fucus vesiculosus varied (ttest, p < 0.0001) between high and low intertidal population~ at Ft. Wetherill, the oceanic site (Table 1) . Low intertidal fronds had 7 0 % higher levels of total pigments than the high intertidal population. In contrast, tissue N concentrations were not different between populations (t-test, p > 0.05). Irradiance differences between regions therefore was the likely factor determining pigment variability, not differential nitrogen availability related to submergence time.
Similar to Fucus vesiculosus from the estuarine site (Yates & Peckol 1993) , phlorotannin levels varied greatly with time at the oceanic site (Fig. 1) . Higher levels of phlorotannins were found in the high intertidal population (2-way ANOVA, site: F = 41.1, p < 0.0001) than in low intertidal fronds, and peak concentrations occurred in both populations during the early summer period (Tukey's, p < 0.05). Both populations showed depressed levels of phlorotannins during late winter, again mirroring findings for the estuarine population (Yates & Peckol 1993) .
During June, the period of peak phlorotannin levels of both oceanic populations (Fig. l) , we measured distinctive responses to experimental treatments by high and low intertidal Fucus vesiculosus (Fig. 2) . While grazing resulted in no change in phenolics compared (Fig. 2) . Enrichment and grazing effects on phlorotannin levels of high and low intertidal populations of Fucus ves~culosus during August, a time of declining phlorotannins (Fig. l ) , are shown in Fig. 3 . Both oceanic population~ showed increased production in response to simulated grazing by Day 7 (high intertidal: ANOVA, F = 5.0, p 0.005; low intertidal: ANOVA, F = 6.9, p c 0.001) that was maintained for 2 wk. Although the grazed + enriched treatment resulted in elevated phlorotannins in the low intertidal population by Day 7 (Tukey's, p 0.05), levels in this treatment were elevated (Tukey's, p c 0.05) above control and enriched fronds in the high intertidal population only by Day 14.
A H i g h intertidal
As found in June (Fig. 2 ) , phlorotannins in the grazed + Similar to the August experiment (Fig. 3) , the oceanic populations of Fucus vesiculosus showed a marked response to grazing dunng October (Fig. 4) . By Day 3, phlorotannin concentrations of grazed fronds of the high intertidal population were significantly during October (WT = 15°C) following various treatment conditions in (A) high a n d (B) low intertidal populations of Fucus r~esiculosus at the oceanic site greater (t-test, p c 0.05) than control fronds. This difference was maintained for 1 wk (ANOVA, F = 19.8, p < 0.0001), but by Day 14, levels were comparable (ANOVA, p z 0.05) to the other treatment conditions. The low intertidal population showed a slight response to grazing by Day 3; by Day 14, the grazed and grazed + enriched fronds had significantly (ANOVA, F = 11.5, p < 0.0001) greater levels of phlorotannins than control fronds. Although there was a n elevation in phlorotannins in the grazed treatment compared with controls by Day 3 for both high and low intertidal populations during March (Fig. 5) , this difference was not significant (ttests, p > 0.05). At the end of the 14 d experiment (3 April), there were no significant (ANOVA, p > 0.05) treatment differences.
With the exception of a significant (Tukey's, p < 0.05) decline in phlorotannins associated with N enrichment i : the June experiment for the hiqh intertidal population (Fig. 2) and a brief depression (Day 7 only) for the low Intertidal population during October (Fig. 4) , there was no consistent effect of N enrichment on phlorotan-nin levels for the oceanic populations (Figs, (2) (3) (4) (5) . We did, however, measure a significant (ANOVA, F = 5.51, p < 0.05) inverse relationship between tissue N and phlorotannins (Fig. 6) , as found by Yates & Peckol (1993) for estuarine Fucus vesiculosus, and predicted by the C/N balance model. However, with an R2 of 0.20, these 2 variables were not strongly coupled.
Estuarine site
At Sage Lot Pond, the response of Fucus vesiculosus to experimental treatments varied with season. During June, the period of peak concentrations (Yates & Peckol 1993) , phlorotannin levels did not vary (ANOVA, p > 0.05) from control fronds when experimentally grazed or N-enriched (Table 2) . A clear response to experimental manipulation occurred when phlorotannin levels were declining in F. vesiculosus from late summer through autumn (Yates & Peckol 1993) . During both August and October, phlorotannins Our results more strongly support the induced defense model; when we found a significant induced response, we generally measured elevated phlorotannin levels in both the grazed and grazed + enrichment treatments for both estuarine and oceanic populations of F. vesiculosus ( Table 3) . The response was relatively rapid, sometimes within 3 d, and was generally of long (sensu Table 2 . Mean (tSE) phlorotannin concentrations (mg g dry wt) of Fucus vesiculosus from Sage Lot Pond, Falrnouth, MA, USA (estuarine site) under various treatment conditions during June, August and October, 14 d after initiating the experiments. Treatment conditions are described in text; n = 10, each treatment Karban & Myers 1989) duration. For example, phlorotannins remained elevated for at least 2 wk in 85% of the induced responses of the grazed treatment. During some periods, e.g. March, we found only a minimal induced response. While N enrichment did result in depressed phenolic levels in estuarine F vesiculosus, as predicted by the C/N balance model, this treatment rarely resulted in a decline in phlorotannins at the oceanic site. Such site-related and temporal differences of this algal species in response to experimental conditions suggests that phlorotannin production is controlled by a complex interaction of environmental, developmental (e.g. onset of reproductive stage) and defense-related factors, emphasizing the applicability of both models to marine systems. Although Van Alstyne (1988) and Yates & Peckol (1993) also documented an inducible defense in Fucus spp., the generality of this response in brown algae has not yet been established (Hay & Fenical 1992) . Renaud et al. (1990) documented a potential inducible response for the period of 1 to 5 d for the North Carolina (USA) brown alga Padina gymnospora (Dictyotales), and Peckol et al. (1992) measured an inducible defense in Caribbean brown algae Padina sanctae-crucis and Lobophora vanegata (Dictyotales), but not Turbinana turbinata (Fucales). North Atlantic Laminaria saccharina (Laminariales), a species with low (<l0 mg g-' dry wt) phlorotannin levels, did not show an inducible response in field experiments (Peckol unpubl. data) . Steinberg (1994) found no evidence of elevated phlorotannins in Ecklonia radiata (Laminariales) or Sargassum vestitum (Fucales) under experimental conditions similar to ours, and suggested that these temperate Australasian brown algae, notable in maintaining high levels of phlorotannins (Steinberg 1989) , show constitutive defenses. Perhaps the intensity of grazing pressure is greater (Estes & Steinberg 1988) or the annual range in herbivore activity is less in the Australasian system than in New England (USA). Either situation would likely favor a constitutive defense in Australasian algae (Harvell 1990 , Karban 1993 , Steinberg 1994 . However, further work is necessary to experimentally establish the basis of the temporal and spatial variation in the inducible response documented for Fucus spp. (Van Alstyne 1988 , Yates & Peckol 1993 , this study), as well as to identify geographic trends in defensive mechanisms for brown algae.
The lack of an inducible response during the periods of highest available irradiance and peak phlorotannin levels (June, except for the low intertidal oceanic population) and of low irradiance, temperature, and phenolic levels (March) may reflect temporal variation in resource allocation between primary and secondary metabolism, in accord with the C/N balance model. Herms & Mattson (1992) predicted that during periods of high growth, secondary metabolism may be substrate or energy-limited as growth processes receive allocation priority. Peak growth rates for Fucus vesiculosus during early summer (Carlson 1991, Peckol unpubl . data) may require all available photosynthate, leaving little for additional phlorotannin production for grazer resistance. Further, it was only during this period that N enrichment resulted in a depression of phlorotannins for the high intertidal population, again suggestive of a trade-off between growth and secondary metabolism under resource-rich conditions (Herms & Mattson 1992) . However, the strong induced response of the low intertidal population during this period is difficult to explain in this context. The minimal induced response during March may reflect higher ambient nutrient levels and consequent elevated tissue N in F. vesiculosus (Asare & Harlin 1983 , Yates & Peckol 1993 or fixed-C limitation due to reduced irradiances and temperatures. Both conditions should negate an inducible response (Bryant et al. 1983 , Karban & Myers 1989 , Herms & Mattson 1992 . Because of the nonlinear effects of resource availability on secondary metabolism (Herms & Mattson 1992) , it is difficult to predict the trade-off between growth and secondary metabolism.
The variation in phlorotannins with tidal height, i.e. consistently greater concentrations in high intertidal Fucus vesiculosus, is predicted by the C/N balance model (Bryant et al. 1983 , Fajer et al. 1992 , Herms & Mattson 1992 . However, low intertidal Fucus had 70 % greater levels of light-harvesting pigments than the high intertidal population, and both populations had similar C : N ratios of -26 (authors' unpubl. data). Ramus et al. (1977) documented higher photosynthetic rates [and greater !ir;ht-harvestizg pigmeii:;) of shade-acclimated, compared with sun-acclimated, F. vesiculosus at all experimental depths. Thus, the high and low intertidal populations in the present study may have similar in situ C fixation rates, making it unlikely that variation in phlorotannin concentration with tidal height is directly related to differences in resource availability.
The distinctive seasonality of phlorotannin levels found for the estuarine (Yates & Peckol 1993 ) and oceanic (this study) populations of Fucus vesiculosus was correlated with annual variations of irradiance for this geographic location (Peckol & Rivers 1996) , again suggestive of a connection to C/N balance because of large-scale differences in resource (light) availability (Bryant et al. 1983) . While temporal patterns of phlorotannins of F. vesiculosus contrast sharply with a lack of seasonality for F. distichus (Van Alstyne 1988) , Sargassum globulariaefoliurn (Steinberg 1986 ) and S. vestitum (Steinberg 1994 ), Steinberg & van Altena (1992 documented considerable seasonality in phlorotannin levels of several Australian brown algae, but peak concentrations occurred during spring at this location. Further, Ragan & Jensen (1978) found a winter peak of phlorotannin levels in Norwegian populations of F. vesiculosus and Ascophyllum nodosum. Rather than correlating with available irradiances, metabolites of these fucoid algae were inversely related to development of reproductive structures. Similarly, phlorotannin levels of estuarine (Yates & Peckol 1993 ) and oceanic (this study) North American populations of F. vesiculosus decline through late summer-autumn corresponding with development of receptacles. Because Light (quality and quantity) and reproductive periodicity are tightly coupled in algae (Liining 1990) , identifying causality among the variables will require careful experimental manipulation. However, the conflicting seasonal patterns of phlorotannins cited above, the large-scale pattern of higher phlorotannin concentrations in temperate versus tropical algae (Steinberg 1986 , Van Alstyne & Paul 1990 , Steinberg et al. 1991 , but see Targett et al. 1992 , and an inability to induce elevated levels of polyphenolics under higher irradiances in the laboratory (Peckol & Pardo unpubl. data) argue against a direct relationship between light availability and secondary metabolism.
Although environmental factors modify phlorotannin levels in Fucus vesiculosus as predicted by the C/N balance model, the present study found greater support for the induced defense hypothesis. Karban & Myers (1989) predicted that both N and shading should negate an inducible response; in the present study, low (shaded) and high Intertidal populations showed similar inducible responses. Both estuarine and oceanic E vesiculosus held under the 'grazed + enriched' treatment generally produced phlorotannin levels comparable to the 'grazed-only' treatment, further identifying the hierarchy of effects. As found by Yates & Peckol (1993) , only estuarine F. vesiculosus showed depressed levels of phenolics under N-enrichment. Perhaps higher grazing pressure at the oceanic site, where Littorina littorea occurs in densities >l00 m-', acts to maintain phlorotannins at threshold level, i.e. a minimal induced resistance, in the oceanic populations. In fact, phlorotannin concentratlons were consistently higher in oceanic populations than in estuarine fronds (compare Fig. 1 Yates & Peckol 1993 with Fig. 1 this study) . A similar lack of response to N enrichment in tropical brown algae (Peckol et al. 1992) where grazing intensity is notably high (see Gaines & Lubchenco 1982 and references therein) suggests, as argued by Karban (1993) , that if herbivory is relatively continuous, either seasonally or year-round, the alga may remain in an induced state.
